Tissue engineering may provide an alternative to cell injection as a therapeutic solution for myocardial infarction. A tissue-engineered muscle patch may offer better host integration and higher functional performance. This study examined the differentiation of skeletal myoblasts on aligned electrospun polyurethane (PU) fibers and in the presence of electromechanical stimulation. Skeletal myoblasts cultured on aligned PU fibers showed more pronounced elongation, better alignment, higher level of transient receptor potential cation channel-1 (TRPC-1) expression, upregulation of contractile proteins and higher percentage of striated myotubes compared to those cultured on random PU fibers and film. The resulting tissue constructs generated tetanus forces of 1.1 mN with a 10-ms time to tetanus. Additional mechanical, electrical, or synchronized electromechanical stimuli applied to myoblasts cultured on PU fibers increased the percentage of striated myotubes from 70 to 85% under optimal stimulation conditions, which was accompanied by an upregulation of contractile proteins such as α-actinin and myosin heavy chain. In describing how electromechanical cues can be combined with topographical cue, this study helped move towards the goal of generating a biomimetic microenvironment for engineering of functional skeletal muscle.
INTRODUCTION
Myocardial infarction affects nearly one million people per year in the United States. The inability of infarcted myocardium to self-repair poses a formidable challenge to successful therapy. Cell-based therapies such as the use of skeletal myoblasts and bone marrow-derived stem cells have been proposed. 21 Both of these cells types are amenable to autologous isolation, ex vivo expansion and genetic manipulation before implantation. However, skeletal myoblasts injected at the myocardial infarcted sites and/or at adjacent healthy myocardium can provoke ventricular arrthymia. 5, 7 Although some of the injected skeletal myoblasts do develop into skeletal myotubes, they do not electrically couple to the host myocardium. This poor functional integration along with the extensive cell death after implantation has been implicated as one of the culprits of causing arrthymia. 5, 7 It has been hypothesized that the application of a predeveloped, mature skeletal muscle cell sheet can satisfy the rigorous myocardium demands better than the injection of single myoblasts. 13, 24 This study is therefore motivated by the need to develop more efficient techniques to achieve a mature tissue-engineered skeletal muscle.
Development of mature skeletal myotubes from single myoblasts is a complex process influenced by cell-cell and cell-matrix interactions. Differentiation of myoblasts is governed by cytoskeletal stress originated from the underlying extracellular matrix, causing actin cytoskeleton reorganization and marked activation of stretch-activated ion channels. 1, 2, 6, 17, 25, 28 Under optimal differentiation conditions, single myoblasts fuse into multinucleated myotubes and mature to synthesize contractile proteins such as myosin, myosin heavy chain, and α-actinin. Mature skeletal fibers are characterized by sarcomeric structures and the ability to undergo repetitive stimulation/contraction. Development of skeletal myotubes has relied on culture in hydrogel or on patterned surface in the past. In matrigel or fibrin gel scaffold, 11, 20, 22 skeletal myotubes demonstrate defined sarcomeric structure and are capable of producing tetanus forces ranging from 400 μN to 1 mN. On nanofibers or nano/micro patterned surfaces, skeletal myoblasts elongate and align with the fibers or gratings, producing a tetanus force of up to 500 μN. 3, 9, 12, 15, 16, 29, 30 However, the relationship between myoblast-substrate interaction and subsequent development of sarcomeric structure and production of contractile proteins remains to be elucidated. To further enhance the development of skeletal myotubes, researchers have also proposed the use of mechanical or electrical stimulation during the culture in hydrogels or non-topographical surfaces. Mechanical stimulation increases the mean myotube diameter by 12% as well as the elasticity of the hydrogel-tissue construct. 20 Myotubes developed under mechanical stretch show enhanced production of different isoforms of myosin heavy chain that are characteristic of fast twitch fibers. 23 A stimulation regime that includes cyclic stretch followed by rest upregulates β-integrin expression and activates downstream FAK and RhoA activity, pathways involved in skeletal muscle differentiation. 33 Cyclic electrical pulse can stimulate maturing myotubes to contract and increase their tetanus force. 8, 10, 27 Low frequency stimulation (1-2 Hz) induces Ca 2+ transient with improved sarcomere assembly, while higher frequency (10 Hz) fails to induce similar effect. 8 Hypothesizing that electrical and mechanical cues may further potentiate the topographical effect in enhancing myotube maturation, we studied the culture of skeletal myoblasts on electrospun elastomeric polyurethane fibers with or without synchronized electromechanical stimulation. We observed that aligned fibers enhanced the formation of striated myotubes but have negligible effect on the myotube diameter. Aligned fibers induced stress on the myoblasts as a result of the topography-mediated elongation, thereby upregulating stretch-activation channels, and eventually promoting myotube maturation. The construct responded to electrical stimulation and produced tetanus forces of 1.1 mN with a 10-ms time to tetanus. Under optimal electromechanical stimulation, the differentiated skeletal myoblasts showed a higher degree of striation and upregulation of contractile proteins such as α-actinin and myosin heavy chain compared to those cultured on aligned fibers alone.
MATERIALS AND METHODS

Polyurethane Electrospun Scaffolds and Mechanical Properties
The aliphatic diisocyanate-based polyurethane (PU) fibers (Cardiotech International Inc.) investigated in this study were based on raw materials of two different elastic moduli (80A and 55D). The two polyurethanes have tensile strength of 36 MPa and 62 MPa (elongation at break of 585% and 325%), respectively. Various types of surfaces were fabricated to investigate the effect of topography on skeletal muscle differentiation: film, random oriented or aligned electrospun fibers of varying size (600 nm to 10 μm) and elastic modulus (0.5, 1, and 22 MPa). To fabricate a smooth film surface, the polyurethanes were degassed overnight in 80 °C and molded at 175 °C and 10 MPa for 4 h in a Carver press, followed by cooling at room temperature. To obtain electrospun fibrous mats, the polyurethane pellets were dissolved in a mixed solvent of chloroform and ethanol (75/25 v/v) at various concentrations (7, 10, and 15% wt/wt) to produce fibers of different diameters. Electrospun fibers of different elastic modulus were produced by using polyurethane pellets of different modulus (80A, 55D and a 50:50 volume ratio blend). The polyurethane solution was dispensed at a flow rate of 3 mL/h through a syringe needle (0.25 mm inner diameter) and exposed to a voltage gradient of 10 kV between the needle and a collecting wheel which served as ground (placed 10 cm from the needle). The collected fibrous mats had a random feature when the wheel was rotating at 1 rpm and an aligned feature at 4000 rpm. A negatively charged needle (−10 kV) was placed over the collecting wheel to enhance the alignment of the electrospun fibers. Electrospinning continued until the electrospun scaffold was at least 50 μm thick, and the scaffold was cut into 1 cm 2 area. Prior to cell culture, the scaffolds were sterilized in ethanol for 1 h and placed under UV light overnight.
The elastic modulus of the aligned electrospun scaffolds was determined according to ASTM protocol (D3822-07). Briefly, each electrospun scaffold was cut into strips of 5 mm wide and 5 cm long and secured in a plastic bracket. The fiber strips were loaded between grips of a dynamic mechanical analysis instrument (RSA III, TA instruments) with a 1-cm gap between the grips. The samples were then strained at a rate of 0.5 mm/min at 22 °C until failure. To determine whether the polyurethane fibers would be able to withstand continuous cyclic loading, the aligned electrospun scaffolds were tested at 10% strain and 1 Hz for 7 days. The changes in stress required to strain the scaffold to 10% can indicate the onset of fatigue. The mechanical properties were determined with a sample size of 20.
Electromechanical Bioreactor Setup/Electromechanical Stimulation Regime
A tubular setup was used to facilitate the synchronized electromechanical stimulation of skeletal myoblasts cultured on aligned nano/microfibers (Fig. 1a) . Briefly, aligned electrospun fibrous scaffolds were wrapped around silicone tubings (MPI) that were connected to a 95% O 2 /5% CO 2 tank. Figure 1b illustrates the alignment of the electrospun fibers around the silicone tubing, while the insert shows the thickness of the scaffold (~50 μm). The pressure regulator accurately controlled the strain applied to the nanofibers as a result of tubing inflation; at 10 Psi, the aligned fibers experienced strain of 10.6% (Fig. 2a) . The solenoid valves connected between the pressure regulator and the bioreactor tubing were used to control the tubing pressure waveform. A computer program (Labview) controlled the closing/opening of the valves, allowing a cyclic strain with controlled frequency and magnitude. A typical stimulation protocol is shown in Fig. 1c , with a repetitive 1-h stimulation at 1 Hz followed by a 5-h rest, between days 2 and 14 post-differentiation. To ensure the mechanical strain reported in the displacement of tubing diameter is the same as the microscopic strain experienced by the cells, 500 nm diameter blue polystyrene microspheres (Polysciences) were added to the surface of the fibers at a concentration of 10 10 particles/mL/cm 2 . Figure 2b shows the corresponding displacement of blue microsphere clusters on fiber-wrapped tubings inflated at different pressures. At 10 Psi, a condition at which the tubing circumference was strained to 10%, the distance between the same two blue microsphere clusters was also increased by 10% (Fig. 2b) . In the groups that were exposed to electrical stimulation and synchronized electromechanical stimulation, electrodes were wrapped around the ends of the tubings. Biphasic, 10 ms square pulses of 20 V electrical stimulation (SD9 stimulator, Grass Technologies) were applied with consideration of the necessary rest time. The Labview program was written to synchronize the two stimulation times in order to apply electrical stimulation as the tubing was deflating (500 ms delay from opening of solenoid valves), as illustrated in Fig. 1c . The following electromechanical stimulation protocols were investigated:
1. 5% cyclic strain at 1 Hz starting at 2 days post-differentiation; 2. 10% cyclic strain at 1 Hz starting at 2 days post-differentiation; 3. 5% cyclic strain at 1 Hz starting at 2 days post-differentiation, with a constant 5%
pre-stretch applied between cells seeded and the start of cyclic strain;
4.
Electrical stimulation was applied at 20 V at 1 Hz starting at day 0, 4 or 7 days postdifferentiation;
5.
Synchronized stimulation consisted of pre-stretched mechanical stimulation applied in group 3 with electrical stimulation starting at day 7.
Cell Line and Cell Culture
Mouse skeletal myoblasts (C2C12 cell line) were purchased from ATCC and expanded in proliferative medium (Dulbecco's Modified Eagle's Medium (high glucose, Gibco) supplemented with 10% fetal bovine serum (35-015-CV, Mediatech), 10% bovine calf serum (12133C, Sigma), 0.5% chick embryo extract (Accurate chemicals), and 1% penicillin/ streptomycin). The undifferentiated myoblasts were maintained below 80% confluency and only passages between 2-4 were used in this study. To differentiate myoblasts into skeletal myotubes, the cells were first seeded onto surfaces of interest at a density of 5 × 10 5 /cm 2 and maintained in proliferative medium for 5 days. Cells were seed on the tubular surface by placing a sterilized trough under the tubing to contain the added medium for 1 h. The cell-seeded constructs were then shifted into differentiation medium (Dulbecco's Modified Eagle's Medium supplemented with 8% equine serum, SH30074.03, Hyclone, and 1% penicillin/ streptomycin) for 14 days. The media were changed every 2 days to ensure sufficient nutrient for myotube formation. Skeletal myoblasts began cytoplasmic fusion at day 2 and formed skeletal myotubes by day 7 of differentiation. Occasional spontaneous contraction was noticeable at day 7 and became more prominent by day 14.
Immunocytochemistry, Cell Elongation, and Alignment Assay
To elucidate the interaction of myoblasts with film or electrospun fibers prior to taking part in myotube formation, the cells were seeded at a density of 5000/cm 2 and cultured for 2 days. The cells were fixed in 4% paraformaldehyde solution for 1 h, permeated in 0.1% Triton X-100 solution for 30 min and stained with Alexa 594 phalloidin (Invitrogen) and DAPI to visualize actin filaments and nucleus, respectively. The cell elongation factor (F) was determined by
where L = maximum length of cytoplasm, W = maximum width of cytoplasm along the direction perpendicular to the length. The alignment of the cells was determined by measuring the angle difference of individual cells vs. the mean angle of overall cell population. A minimum of 100 cells was measured for each group to achieve statistical significance. To further characterize the anchorage and expression of stretch-activated ion channels of the cells on various surfaces, some of the samples were blocked in 1% goat serum solution for 1 h, and immunostained with rabbit polyclonal paxillin (1:100 dilution, Abcam) or rabbit polyclonal transient receptor potential cation channel-1 (TPRC-1, 1:50 dilution, Sigma) primary antibody. The secondary antibodies and stains used were Alexa 488 anti-rabbit IgG antibody (1:200 dilution, Invitrogen), DAPI and Alexa 594 phalloidin (Invitrogen) to visualize nucleus and filamentous actin, respectively. The cell-seeded scaffolds were mounted onto a glass slide and visualized using inverted confocal microscope (LSM 510 Meta with AxioCam HR camera, Carl Zeiss, Thornwood, NY) with 40× and 100× objective lens. The excitation/emission wavelength settings are 488 nm/520-555 nm (FITC), 594 nm/575-615 nm (Rhodamine), and 408 nm/420-480 nm (DAPI).
Fourteen days post-differentiation, cells cultured on various surfaces were fixed, permeated, and blocked as mentioned above. The cells were immunostained for sarcomeric α-actinin (1:100 dilution, EA-53, Abcam) and counterstained with DAPI and Alexa 488 phalloidin (Invitrogen). The presence of periodic striations, as illustrated by α-actinin staining, was evaluated by examining at least 100 myotubes. In this study, cells showing partial Z bands were counted as positive for showing striations. The data were presented as a percentage of total myotubes showing striated pattern and expressed as mean ± SD. The diameters of the myotubes were measured using Image-J software.
Western Blot Analysis
At 14 days post-differentiation, cells were rinsed once, and scraped in cell lysis buffer (with 1:10 v/v of protease inhibitor). The cell suspension was shaken at 4 °C for 30 min and the cell lysate was spun down by centrifugation for 3 min. The supernatant was collected and the protein concentration was determined by NanoDropTM 1000 Spectrophotometer (Thermo Scientific).
Equal volume of Laemmli sample (with 1:10 v/v of 2-mercaptoethanol) was added to supernatant prior to freezing. The proteins (10 μg) from lysate were separated by SDS-PAGE, electrotransferred to PVDF membrane, blocked in 5% non-fat dry milk containing 0.1% Tween-20 (TTBS) and incubated overnight with various primary antibodies including mouse anti-sarcomeric α-actinin (EA 53, 1:100 dilution, Abcam), mouse anti-fast myosin heavy chain (MY32, 1:500 dilution, Abcam), rabbit anti-desmin (1:50 dilution, Abcam), mouse antiskeletal muscle troponin I (1:100 dilution, Abcam), mouse anti-myogenin (F5D, 1:200, Abcam), mouse-anti myosin (1:500, Sigma), and mouse-anti GAPDH (1:5000, Abcam). The bound antibodies were detected by anti-mouse or anti-rabbit IgG1 conjugated to horseradish peroxidase (Calbiochem). The proteins were detected by Immuno-Star HRP chemiluminescence (Biorad) and imaged using Alpha Innotech imaging system (FluorChem).
Skeletal Muscle Contractility
The contractility of the skeletal muscle cultured on aligned electrospun fibers was measured using a sensitive force transducer (force detection range: 1 μN to 5 mN, Model 801B, Aurora Scientific). The cell-seeded construct (1 cm 2 area with an estimated thickness of 50 μm) was secured between two needles on the force measurement setup, with one side fixed and other attached to the force transducer. The construct was maintained in differentiation medium at 37°C for the duration of the study. Electrical pulses (20 V, 10 ms pulse width at 10 and 20 Hz) were applied to measure the tetanus force of the construct, and the average force over three trials was recorded. Baseline force was measured preceding the onset of stimulation. The recorded values were based on three measurements of three different constructs.
Statistical Analysis
Data was analyzed using Student's t test (SPSS). A difference with p < 0.05 value was considered to be statistically significant and indicated by asterisks. All data are shown as mean ± SEM.
RESULTS
Polyurethane Topography and Mechanical Properties
Figures 3a-f illustrates the different topographical features, ranging from smooth film (a), randomly oriented fibers (b), and aligned fibers (c-e). The aligned fiber diameters ranged from 600 ± 100 nm to 10 ± 4 μm (Fig. 3f) . The large size distribution seen in the 10 μm group is typical of the electrospinning technology. Polyurethanes of different stiffness (0.5, 1, and 22 MPa) were electrospun in this study (Fig. 2c) . Depending on the composition of the polyurethane used, the electrospun fibers could be stretched up to 300% and with no evidence of fatigue under 10% cyclic loading of 1 Hz over a period of 7 days (Fig. 2d) .
Myoblast Differentiation on Various Surface Topographies
When cultured on random fibers, the myoblasts showed no preferred orientation and predominantly exhibited polymorphic shape and round nuclei (Figs. 4a and 4b) . In contrast, aligned fibers guided the cell alignment (> 90% of cells aligned within 10° of the fiber orientation), although fiber diameters between 600 nm to 10 μm produced no statistically significant difference in alignment and cell elongation factor (Figs. 4a-e) . On all aligned fibers, myoblasts showed significant cytoplasmic elongation compared to randomly aligned fibers (average elongation factor of 13.15 for aligned vs. 3.7 for random topography) as well as significant elongation of the nucleus. Immunostaining for focal adhesion sites and actin filaments helped elucidate the correlation between cell morphology and cell-substrate interaction. On PU film, myoblasts showed focal adhesion points around the periphery of the cytoplasm, with little orientation in the actin filaments (Fig. 5a) . On random fibers, there was an increase in cell and nucleus elongation, associated with the migration of the focal adhesion sites from the periphery towards the nucleus and a slight orientation of actin filaments in the direction of the elongated cytoplasm (Fig. 5b) . On aligned fibers, the actin filaments were highly aligned within the elongated cytoplasm and the focal adhesion sites were distributed evenly throughout the cytoplasm (Fig. 5c ). Investigation of the expression level of transient receptor potential cation channel-1 (TRPC-1), a subtype of stretch-activated cation channels, provided evidence that the elongation of cells due to aligned topography was a result of stretch induced by the surface. TRPC-1 (illustrated in green in Figs. 5d-f) was progressively activated when myoblasts were cultured on film vs. random vs. aligned fibrous surfaces.
Differentiation of Skeletal Myoblasts Cultured on Various Surface Topographies
This series of experiments screened the surface topography (film, random, and aligned fibers), matrix stiffness (0.5, 1, and 22 MPa), and fiber sizes (600 nm, 2 μm and 10 μm) to identify the optimal surface features that might enhance myoblast differentiation. The presence of sarcomeric structure is an indication of myotube maturation manifested by striated features in the immunostaining of α-actinin. The differentiation of myoblasts on various surfaces was scored by the percentage of myotubes showing cross-striations and the diameter of the myotubes. At 14 days post-differentiation, only 25% of myotubes cultured on film showed striations, vs. 55% on random surface and 70% on aligned surface (Figs. 6a-c, i ). On aligned fibers with different matrix stiffness (Figs. 6c-e, i), myotubes showed the highest level of differentiation on the softest polyurethane and progressively lower level as the matrix stiffness increased. Fiber diameters between 600 nm to 10 micron did not make a significant difference in terms of differentiation (Figs. 6c, f, g, i) . No significant change in myotube diameter was seen as a result of different surface topographies (Fig. 6h) .
Western blot analysis for contractile proteins was consistent with the observation in immunofluorescent images. The production of all contractile proteins (α-actinin, myosin, myosin heavy chain, and troponin I) appeared upregulated as the myoblasts were differentiated on aligned fibers vs. random fibers vs. films (Fig. 7a) . Further analysis showed statistically significant upregulation of myogenin, actinin, and myosin (Fig. 7b) when the cells were cultured on aligned fibers. Among different fiber diameter groups, there was no difference in the level of contractile protein production (Figs. 7a and 7b) .
Contractile force production analysis of the skeletal myotubes cultured on aligned fibers showed that the tissue constructs were capable of producing a tetanus force of 1.1 mN, with a time to tetanus around 10 ms and a twitch force of 600 μN (Fig. 8) . The contractile force recorded from the aligned fibrous tissue construct is comparable to that reported in the literature when myoblasts are differentiated in the hydrogels. 11
Differentiation of Skeletal Myoblasts Cultured Under Various Stimulation Regimes
When cyclic mechanical stretching (1 Hz for 1 h with 5 h of rest) was applied to the differentiating myoblasts starting at 2 days post-differentiation, the myotubes at day 14 exhibited evidence of overstretching at both 5 and 10% strain (Figs. 9b and 9c ). Very few myoblasts fused to form myotubes on the scaffolds, and those that were present were short and lacked sarcomeric structures. From these groups, total protein production tripled but there were very little contractile proteins such as myosin (data not shown). This suggested that the cells were overstretched and had shifted into a proliferative state as a result of injury. To counteract this injury process, a constant stretch of 5% was applied as the cells were seeded onto the scaffold and maintained until 2 days post-differentiation. We speculated that this would condition the myoblasts to better withstand the cyclic loading applied from days 2-14. Indeed, myoblasts cultured in this manner showed an increased fraction of striated myotubes from 70 to 75% (Fig. 9d) . The increase in myotube diameter as a result of cyclic stretching was not statistically significant (Fig. 9i) .
Electrical stimulation (20 V, 1 Hz for 1 h with 5 h of rest) was applied at three time points, day 0, 4, and 7 post-differentiation, in order to investigate the effect of electrical stimulation prior to myotube formation (day 0 and 4) compared to that post-myotube differentiation (day 7). Immunofluorescence images (Figs. 9e and 9f ) revealed a lower degree of striation when the electrical stimulation was applied prior to myotube formation (10% when starting at day 0, and 45% when starting at day 4). However, when electrical stimulation was applied beginning at day 7, the percentage of myotube showing striation increased from 70 to 85% (Fig. 9g ) compared to the unstimulated control. The myotubes contracted in synchrony with the applied electrical stimuli for the duration of the stimulation.
Finally, synchronized electromechanical stimulation was applied to the cells by combining the pre-stretched mechanical stimulation with electrical stimulation beginning at day 7. Electrical stimulation was programmed to be applied with 500 ms delay from the opening of solenoid valves (electrical stimulation was applied as the tubing deflates) and the stimulation regime also included a 5-h rest time after 1 h of stimulation. Myotubes differentiated under this condition showed an increase in percent of myotube striation (70-85%) compared to the unstimulated control (Fig. 9h) . There was no statistically significant change in myotube diameter. Western blot analysis of the contractile protein expression was consistent with the findings from confocal analysis. Compared to unstimulated control, myoblasts cultured under synchronized stimulation showed an upregulation of contractile protein production (Fig. 9j) . It was unclear if the synchronized stimulation was superior over single stimulation groups in driving the maturation of myotubes, although the protein level of fast myosin heavy chain (Fig.  9j ) was found to be significantly higher (not shown).
DISCUSSION
During the development of skeletal myotubes, myoblasts must first upregulate their primary myogenic transcription factors, MyoD and Myf5, followed by the over-expression of secondary myogenic factor such as myogenin and MRF4. 6 The cytoskeletal remodeling and fusion of myoblasts into myotubes require remodeling of the stress fibers, which activate stress-activated channels (SACs) and change the electrical properties of the cells. The activation of SACs triggers Ca 2+ -dependent signaling cascade such as the phospholipase C and IP 3 pathways, which in turn lead to phenotypic maturation of myoblasts into myotubes. 28 Since this process is closely related to the cell-extracellular matrix interaction, the underlying substrate features can influence the level of myotube maturation. We have demonstrated that topographical cues can play a significant role in the development of skeletal myotubes. The aligned topography of the PU fibers causes a cytoskeleton reorganization of the myoblasts, not only to orient the cells in the direction of the fibers but also to amplify their degree of elongation and fusion. The increased elongation is a result of uniaxial stress in the direction of fiber orientation, as illustrated in the reorganization of focal adhesion sites from the periphery to the center. The upregulation of TRPC-1 expression (one type of SACs) suggests that the effect of aligned topography on enhanced myotube differentiation may be mediated by Ca 2+ -dependent signaling pathways.
In addition, we have compared differentiation of myoblasts on fibers of various matrix stiffness, a property shown to modulate the level of skeletal myotube differentiation through cellsubstrate interaction. 4 We have observed that myoblasts form myotubes with a higher degree of striation when cultured on softer fibers (0.5 MPa) vs. stiffer fibers (22 MPa) . This observation matches the findings of Engler et al. but differs in the type of substrate studied (fiber vs. hydrogel) and the stiffness values (0.5 MPa vs. 15 kPa). 4 This study also investigates the effect of fiber size (600 nm to 10 μm) on the differentiation of skeletal myotubes. Topographical features of the substrate, particularly in the submicron range, have been reported to influence the morphology, proliferation, and migration of smooth muscle cells. 32 The topographical cues also affect the differentiation of human mesenchymal cells, where nanogratings in the range of 350 nm to 2 μm width stimulate the upregulation of neuronal genes in a size-dependent manner. 31 In this study, the differentiation of skeletal myoblasts was insensitive to the fiber size within the range of 600 nm to 10 μm (Fig. 6) . As the extent of cell elongation was similar among fibers of 600 nm to 10 μm, the differentiating myoblasts may have experienced similar stretch forces and yielded similar levels of differentiation. In general, this study also underscores the importance of mechanical microenvironment in shaping tissue development. However, further studies will have to be performed to understand the underlying mechanism and clarify the relative contributions of substrate stiffness and topography in modulating the differentiation of myoblasts.
The mechanical and electrical stimulation regimes used in this study have been adapted from literature that suggests optimal enhancement of myogenesis. For instance, a typical 5 or 10% strain on cells cultured in matrigel would improve myotube diameter and density in the hydrogel. 20 In this study, when 5 or 10% of cyclic strain was applied to the skeletal myotubes differentiated on aligned fibers, there was a negative effect on myoblast maturation and an evidence of extensive proliferation (Figs. 9b and 9c ). Other reports in the literature show that exposure of skeletal myoblasts in vitro to strains of lower magnitude (< 10%) enhances differentiation over proliferation, while this pattern is inverted for strains above 15%. 14, 18, 26 In this study, the highly aligned myoblasts on fibers may have been already pre-stretched and any additional mechanical stretching became deteriorating to their maturation capability. On the other hand, pre-stretched myoblasts (when a 5% strain is maintained from cell seeding to 2 days post-differentiation) benefited from additional cyclic stretching as evidenced by enhanced differentiation and production of contractile proteins (Figs. 9d and 9j) . The interesting finding that the alignment of polyurethane fibers may exert a pre-stretch on cells highlights the need to consider carefully the combination of topographical and mechanical stimuli in optimizing myogenesis.
We have also found that the timing of the application of electrical stimulation is a crucial factor in modulating the myoblast differentiation. When stimulation is applied prior to myotube assembly, the cells appear to be incapable of benefiting from the electrical stimulation, resulting in only myotubes of poor sarcomeric structure (Fig. 9e) . This finding is consistent with a previous study where skeletal myoblasts are cultured on PGA fibrous scaffolds. 19 On the other hand, electrical stimulation applied after myotube assembly was found to be highly beneficial. Using the optimal mechanical (pre-stretched with 5% cyclic strain) and electrical (20 V at 1 Hz, applied 7 days post-differentiation) stimulation conditions, we have investigated myoblast differentiation under synchronized electromechanical stimulation. While the synchronized stimulation improved the level of striation and contractile protein production compared to unstimulated cells, its benefit over single stimulation (electrical or mechanical) is unclear (Figs.  9h and 9j ). Given this is the first report on the coupling of electromechanical stimulation for myotube formation, further systematic studies with different patterns of stimulation would be required to identify any synergistic effects. A more detailed study on the production of different isotypes of myosin heavy chain, Ca 2+ homeostasis and contractile force generation in myotubes will be needed to elucidate the potential differences brought about under different synchronized stimulation conditions. The current study sets the experimental framework for combining the topographical with electromechanical cues in further optimization of myogenesis for engineering of functional skeletal muscle.
CONCLUSION
A comprehensive study was conducted on how substrates of various topographical features and electromechanical stimulation could influence the differentiation of skeletal myoblasts into contractile myotubes. Aligned topography induced cell elongation, focal adhesion reorganization, and stretch-activated ion channel upregulation, similar to effects previously observed during application of a constant uniaxial stretch. Stretching without pre-conditioning the myoblasts on aligned fibers resulted in inhibited myotube differentiation and upregulated cell proliferation. This phenomenon could be counteracted by pre-stretching the cells prior to application of cyclic strain, with the resulting myotubes demonstrating enhanced differentiation. Electrical stimulation applied post, but not prior to, myotube formation also enhanced process of myogenesis as evidenced by a higher level of striated myotubes and contractile protein expression. In describing how electromechanical and topographical cues can be combined in modulating the process of myogenesis, this study helps move towards the generation of a biomimetic microenvironment for engineering of functional skeletal muscle tissues. Electromechanical stimulation setup. A bioreactor setup based on controlled inflation of tubing was used to achieve synchronized electromechanical stimulation. (a) Two solenoid valves controlled by computer regulated the tubing pressure and stretched the scaffold wrapped around the tubing; (b) Fibers wrapped around the silicone tubing remained aligned and attached closely to the surface of the tubing. The scaffold thickness used in this study was fixed at 50 μm; (c) Mechanical stimulation applied in this study was 1-h stimulation (stretched at 1 Hz) followed by 5-h rest. Electrical stimulation (20 V, 10 ms pulse width) was applied with the same stimulation regime. Synchronized stimulation regime was set at electrical stimulation commencing when mechanical stretching ceased. (a) Measurement of strain in the tubings inflated as a function of pressure. Increase in pressure linearly correlated with the strain in the tubing. The attachment of aligned fibers around the silicone tubing shifted the strain-pressure curve left-ward, although it was still able to achieve at least 10% strain; (b) Fluorescent images of blue microspheres embedded on the nanofibers illustrated the microscopic displacement of the fibers as a result of tubing circumference change. The displacement between two clusters of microspheres over various pressures indicated that the strain rate measured by the diameter change would match the strain experienced by the fibers; (c, d) Mechanical properties of aligned fibers produced using polyurethane of different stiffness (80A, 55D and a 50:50 volume ratio blend). Fibers produced using 80A polyurethane were capable of stretch up to 300%, and remained mechanically stable under 10% cyclic strain at 1 Hz over 7 days. Yield stress of 80A fibers was around 2 MPa. Fibers produced using 55D polyurethane were more rigid, with yield elongation at 100% and similar breaking stress. Fibers produced using a 50:50 volume ratio blend have mechanical properties closer to 80A than 55D polyurethane. Cell alignment and elongation on various topographical surfaces. (a) Morphology of myoblasts (seeding density = 5000 cells/cm 2 ) on random and aligned fibers was evaluated by measuring the cytoplasm elongation factor (defined as F = (L − W)/W, where L = length and W = width of cytoplasm). A minimum of 100 cells was measured for each group to achieve statistical significance; (b-e) Cells were randomly oriented and minimally aligned when cultured on random fibers but became more elongated on aligned fibers. Greater than 90% of the cells were oriented to the direction of the fiber within 10°. The cells were labeled with Alexa 594 phalloidin and DAPI for their actin filaments and nuclei, respectively. Scale bars: 40 μm. Differentiation of myotubes on various topographical surfaces. Skeletal myoblasts cultured on various topographical surfaces were immunostained for α-actinin (green; blue = nuclei) to show striation. Myotubes were randomly oriented and less striated when cultured on (a) film and (b) random fiber surfaces; (c) When cultured on aligned PU fibers (600 nm with stiffness of 0.5 MPa), myotubes were highly aligned with 70% of myotubes showing striation; (d, e) The degree of striation decreased when myoblasts were cultured on stiffer aligned PU fibers (1 MPa and 22 MPa); (f, g) Degree of striation in the myotubes was comparable among the groups with fiber diameters of 600 nm to 10 μm; (h) Average myotube diameter did not significantly differ among various topographical surfaces, while (i) percentage of striated myotubes was dependent on topographical features and matrix stiffness. Scale bar: 20 μm. Western blots of contractile proteins. (a) All contractile proteins were upregulated in myotubes cultured on aligned fibers compared to random fibers and film; (b) The upregulation of myosin, myogenin, and α-actinin was statistically higher in aligned fibers compared to random fibers and film samples. Western blotting analysis of myotubes cultured on different fiber sizes did not reveal significant difference among the groups. Values were normalized to GAPDH level. Contractility measurement of myotubes cultured on aligned fibers. Contractility of the myotubes cultured on aligned fiber surface was measured at 14 days post-differentiation using a μN force transducer. The cell-fiber construct was stimulated for 15 ms starting at 10 ms time point and 20 V at various frequencies. The tetanus force measured was approximately 1 mN with an average time to tetanus around 10 ms.
